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FIG. 35

FIG. 36
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FIG. 41

6% NaCl 4% POTASSIUM CHLORIDE ——

6% NaCl + KC| ====- 5% POTASSIUM CHLORIDE -——--

3% POTASSIUM CHLORIDE = — - 6% POTASSIUM CHLORIDE — — -
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FIG. 43
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TRANSFORMATION OF GLYCEROL AND
CELLULOSIC MATERIALS INTO HIGH
ENERGY FUELS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International Appli-
cation No. PCT/US2009/050905 filed on Jul. 16, 2009, which
claims the benefit of U.S. Provisional Patent Application Ser.
No. 61/081,275 filed on Jul. 16, 2008.

TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to the field of
biofuels, and more particularly, to the conversion of short
chain carbohydrates from biofuel formation and cellulosic
biomass into high energy fuels.

BACKGROUND OF THE INVENTION

Without limiting the scope of the invention, its background
is described in connection with biofuel formation.

A number of investigators have been developing alterna-
tive fuels to partially or completely replace fossil fuels. As
proven reserves of fossil fuel reservoirs decrease, a great need
has arisen for the development of fuels based on renewable
sources.

One such renewable source of energy is taught in U.S. Pat.
No. 7,371,558, issued to Cervin, et al. for a process on the
biological production of 1,3-propanediol with high yield.
Briefly, a microorganism useful for biologically producing
1,3-propanediol from a fermentable carbon source at higher
yield is taught. Cofactor complexity required the use of whole
cell catalyst for an industrial process to produce 1,3-pro-
panediol. A microorganism is included with disruptions in
specified genes and alterations in the expression levels of
specified genes that is useful in a higher yielding process to
produce 1,3-propanediol.

U.S. Pat. No. 7,285,403, issued to Jeffries, et al., teaches a
xylose-fermenting recombinant yeast strain. Briefly, xylose-
fermenting recombinant yeast strains are taught that express
xylose reductase, xylitol dehydrogenase, and xylulokinase
and have reduced expression of PHO13 or a PHO13 ortholog,
as well as methods of fermenting xylose to obtain ethanol
using the recombinant yeast strains. One specific embodi-
ment of the invention is a recombinant xylose-fermenting
strain of Saccharomyces cerevisiae expressing Pichiastipis
XYL.123 and having a transposon or disruption mutation in
PHO13.

Another such renewable source is taught in U.S. Pat. No.
5,697,986, issued to Haas, for fuels as solvents for the con-
duct of enzymatic reactions. Briefly, this patent describes a
method of producing biofuels by carrying out the enzymatic
transesterification of fatty acid-containing materials directly
in automotive fuels. The method includes forming a reaction
mixture of automotive or related fuel, fatty acid-containing
substances, alcohol and lipase, all in amounts effective for a
reaction to occur, and water in an amount sufficient to confer
enzymatic activity, incubating the reaction mixture for a time
and at a temperature sufficient for transesterification between
the fatty acid-containing substance and the alcohol to occur,
and separating the by-products from the biofuel portion of the
mixture.

Yet another method is taught in United States Patent Appli-
cation No. 20080092829, filed by Renninger, et al., for fuel
components, fuel compositions and methods of making and
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2

using same that includes a fuel composition with at least a Cs
isoprenoid compound or its derivative and a conventional fuel
additive. The C5 isoprenoid compound or its derivative can be
used as a fuel component or as a fuel additive in the fuel
composition. The fuel composition may further be a conven-
tional fuel component selected from a diesel fuel, jet fuel,
kerosene or gasoline. Methods of making and using the fuel
composition are also disclosed.

Another method is taught in United States Patent Applica-
tion No. 20080071125, filed by Li for a method of converting
triglycerides to biofuels. Briefly, the application discloses a
triglyceride-to-fuel conversion process that includes the steps
of (a) pre-conditioning unsaturated triglycerides by catalytic
conjugation, cyclization, and cross-link steps; (b) contacting
the modified triglycerides with hot-compressed water con-
taining a catalyst, wherein cracking, hydrolysis, decarboxy-
lation, dehydration, aromatization, or isomerization, or any
combination thereof, of the modified triglycerides produce a
crude hydrocarbon oil and an aqueous phase containing glyc-
erol and lower molecular weight molecules, and (c) refining
the crude hydrocarbon oil to produce various grades of bio-
fuels. The biofuel composition may include straight-chain,
branched and cycloparaffins, and aromatics. The paraffins are
derived from conversion of triglycerides and the aromatics
are derived from conversion of either triglycerides, petro-
leum, or coal.

United States Patent Application No. 20060236595, filed
by Nakamura teaches a biofuel conversion process. Briefly, a
process, method, apparatus and materials for efficient conver-
sion of waste vegetable oils into biofuel that does not use
methanol as a reactant or catalyst is disclosed. The biofuel is
mixed with kerosene or heavy oil to form a stable diesel fuel
grade fuel that is mixable with diesel fuel. In addition, the
process and apparatus are also applicable to the conversion of
virgin vegetable oils and other waste or virgin oils, such as
used motor oil, into fuels or fuel additives.

SUMMARY OF THE INVENTION

The present invention includes systems and methods for
the conversion of short-chain carbohydrates from biofuel for-
mation and cellulosic biomass into high-energy fuels.

In one embodiment, the present invention includes com-
positions, cells and methods of making a biofuel comprising:
providing a nitrogen-limiting, minimal growth media com-
prising glycerol, sugars generated from cellulosic biomass or
both, under conditions in which an oleaginous microbe con-
verts the growth media into at least one of triacylglycerol,
neutral lipids, fatty acids, long-chain fatty acids, and hydro-
carbons that is secreted by the microbe. In one aspect, the
media comprise 0.5, 1.0, 1.5, or 2.0 M salt. In another aspect,
the media comprise at least one of a cellulose, a cellulosic
substrate, cellobiose, carboxymethylcellulose, hemicellu-
lose, a sweet sorghum extract, a sugar cane extract, a sugar
cane baggasse, or cellulosic substrates derived therefrom. In
another aspect, the neutral lipid is at least one of a triacylg-
lycerol (TAG) comprising saturated esterified fatty acids; a
TAG comprising unsaturated esterified fatty acids; a TAG
comprising oleic acid; or a TAG comprising oleic acid at the
Sn-1, Sn-2 or Sn-3 position. In another aspect, the hydrocar-
bons comprise C16, C18, C20, C22, C24, C26, C28, C30,
and/or C40 and the hydrocarbons are further processed into a
lubricant, biodiesel, gasoline, jet fuel, or a liquid transporta-
tion fuel. In another aspect, the hydrocarbons contain C15,
C17,C19, C21, C23,C25,C27,C29, and/or C31.

In yet another aspect, the mixture of hydrocarbons is opti-
mized for a specific application, selected from a precursor for
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liquid transportation fuel biosynthesis, a precursor for lubri-
cant biosynthesis or derivatives thereof. In another aspect, the
microbes are grown for 48, 72, 96, or 120 hours at a tempera-
tureof25°C.,30°C.,or37°C.andatapH of5.0,5.5,6.0,6.5,
7.0 or 7.5. In another aspect, the media comprise 0.01%
nitrogen. In another aspect, the microbes secrete the triacylg-
lycerol, neutral lipids, fatty acids, long-chain fatty acids, and
hydrocarbons without cell death. In another aspect, the
microbes are induced to overexpress one or more autophagy-
associated genes. In another aspect, the microbes are induced
to overexpress one or more autophagy-associated genes
selected from ATG1, ATG2, ATG3, ATG4, ATGS, ATG6,
ATG7, ATGS, ATG9, ATG10, ATG11, ATG12, ATG13,
ATG14, ATG15, ATG16, ATG17, ATG18, ATG19, ATG20,
ATG21, ATG22, ATG23, ATG24, ATG25, ATG26, ATG27,
ATG28, ATG29, ATG30, ATG31. In another aspect, the
microbes are genetically modified to overexpress one or more
autophagy-associated S. cerevisiae genes selected from
ATG1, ATG2, ATG3, ATG4, ATGS5, ATG6, ATG7, ATGS,
ATG9Y, ATG10, ATG11, ATG12, ATG13, ATG14, ATG15,
ATG16, ATG17, ATG18, ATG19, ATG20, ATG21, ATG22,
ATG23, ATG24, ATG25, ATG26, ATG27, ATG28, ATG29,
ATG30, ATG31. In another aspect, the microbes are geneti-
cally modified to overexpress one or more autophagy-asso-
ciated genes that is orthologous or paralogous to a gene
selected from ATG1, ATG2, ATG3, ATG4, ATGS, ATG6,
ATG7, ATGS, ATG9, ATG10, ATG11, ATG12, ATG13,
ATG14, ATG15, ATG16, ATG17, ATG18, ATG19, ATG20,
ATG21, ATG22, ATG23, ATG24, ATG25, ATG26, ATG27,
ATG28, ATG29, ATG30, ATG31. In yet another aspect, the
microbes are genetically modified to overexpress one or more
autophagy-associated genes integrated into the genome or on
an autonomously replicating plasmid. In another aspect, the
microbes are selected from Debaryomyces sp., Saccharomy-
ces sp., Rhodococcus sp., Nocardia sp., Mycobacterium sp.,
Rhodosporidium sp., Cryptococcus sp., Rhodotorula sp., Yar-
rowia lipolytica and/or Lipomyces sp. In another aspect, com-
binations of these microbes are used in a single reaction
vessel.

Another embodiment of the present invention includes a
method of producing a biofuel comprising: growing an ole-
aginous microbe in a nitrogen-limiting, minimal media to late
log phase and/or stationary phase, whereby the oleaginous
microbe secretes an oil. In one aspect, the media comprise
0.01% nitrogen. In another aspect, the microbes are grown for
48,72, 96, or 120 hours at a temperature of 25° C., 30° C., or
37°C.and at apH of 5.0, 5.5, 6.0, 6.5, 7.0 or 7.5. In another
aspect, the media comprise 0.5, 1.0, 1.5, or 2.0 M salt, e.g., at
least one of NaCl, KCl, or both KCI and NaCl. In another
aspect, the microbes are treated with an agent that increases
PI-3 kinase activity. In another aspect, the microbes have been
genetically modified to overexpress PI-3 kinase. In another
aspect, the microbes have been genetically modified to com-
prise a PI-3 kinase overexpression cassette into the cell,
wherein the PI-3 kinase overexpression cassette is integrated
into the genome or the PI-3 kinase is in an overexpression
cassette on an autonomously replicating plasmid.

Yet another embodiment of the present invention includes
an oleaginous microbe comprising that has been engineered
to secrete enhanced amounts of oil by upregulating PI-3
kinase activity. In one aspect, the microbes have been geneti-
cally modified to overexpress PI-3 kinase. In one aspect, the
microbes have been genetically modified to comprise a PI-3
kinase overexpression cassette into the cell, wherein the PI3-
kinase overexpression cassette is integrated into the genome
or the PI-3 kinase is in an overexpression cassette on an
autonomously replicating plasmid. In another aspect, the
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microbes are selected from wherein the organism used for
biofuel formation are selected from Debaryomyces sp., Sac-
charomyces sp., Rhodococcus sp., Nocardia sp., Mycobacte-
rium sp., Rhodosporidium sp., Cryptococcus sp., Rhodot-
orula sp., Yarrowia lipolytica and/or Lipomyces sp.

Yet another embodiment of the present invention includes
an oleaginous microbe comprising that has been engineered
to secrete enhanced amounts of 0il by modulating the expres-
sion of autophagy-associated genes. In one aspect, the
microbes are induced to modify the expression of one or more
autophagy-associated S. cerevisiae genes selected from
ATG1, ATG2, ATG3, ATG4, ATGS, ATG6, ATG7, ATGS,
ATGY, ATG10, ATG11, ATG12, ATG13, ATG14, ATG1S,
ATG16, ATG17, ATG18, ATG19, ATG20, ATG21, ATG22,
ATG23, ATG24, ATG25, ATG26, ATG27, ATG28, ATG29,
ATG30, ATG31. In another aspect, the microbes are induced
to modify the expression of one or more autophagy-associ-
ated genes that are orthologous or paralogous to the S. cer-
evisiae genes selected from ATG1, ATG2, ATG3, ATG4,
ATGS5, ATG6, ATG7, ATG8, ATG9, ATG10, ATG11,ATG12,
ATG13, ATG14, ATG15, ATG16, ATG17, ATG18, ATG19,
ATG20, ATG21, ATG22, ATG23, ATG24, ATG25, ATG26,
ATG27, ATG28, ATG29, ATG30, ATG31. In another aspect,
the microbes are genetically modified to vary the expression
of one or more autophagy-associated genes selected from
ATG1, ATG2, ATG3, ATG4, ATGS, ATG6, ATG7, ATGS,
ATGY, ATG10, ATG11, ATG12, ATG13, ATG14, ATG1S,
ATG16, ATG17, ATG18, ATG19, ATG20, ATG21, ATG22,
ATG23, ATG24, ATG25, ATG26, ATG27, ATG28, ATG29,
ATG30, ATG31. In another aspect, the microbes are geneti-
cally modified to vary the expression of one or more autoph-
agy-associated genes by integrating the genes into the
genome, by expression of the genes on an autonomously
replicating plasmid or by modifying the expression of the
genes post-translationally. In another aspect, the microbes are
engineered to under-express the autophagy-associated genes
to decrease oil secretion. In another aspect, the microbes are
engineered to overexpress the autophagy-associated genes to
increase oil secretion. In another aspect, the microbes are
further genetically modified to overexpress PI-3 kinase.

Yet another embodiment of the present invention is a
method of reducing bioreactor waste comprising: mixing a
reaction waste product comprising glycerol with a growth
media and an inoculum of Debaryomyces hansenii under
conditions in which D. hansenii converts the glycerol into
long-chain fatty acids and hydrocarbons; and recovering the
long-chain fatty acids and hydrocarbons produced thereby.

Yet another embodiment of the present invention is a
method of reducing bioreactor waste comprising: generating
a biofuel by fermentation; collecting a glycerol waste stream
from the fermentation; mixing a biofuel reactor waste product
comprising glycerol with a growth media and an inoculum of
D. hansenii under conditions in which D. hansenii converts
the glycerol into long-chain fatty acids and hydrocarbons;
and recovering the long-chain fatty acids and hydrocarbons
produced thereby.

Yet another embodiment of the present invention is a bio-
fuel reactor comprising: a vessel comprising an internal vol-
ume capable of holding a growth medium; a microbe capable
of'converting glycerol into a long-chain fatty acids and hydro-
carbons in the growth medium; and a source of glycerol.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and
advantages of the present invention, reference is now made to
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the detailed description of the invention along with the
accompanying figures and in which:

FIG. 1. Growth of D. hansenii on sugarcane juice;

FIG. 2. Plates with the growth of D. hansenii using sugar-
cane bagasse extracts as carbon source;

FIG. 3. Growth of D. hansenii in liquid media with various
concentrations of glucose;

FIG. 4. Growth and oleagenicity of D. kansenii on glucose
and glycerol containing media;

FIG. 5. Time course of lipid accumulation in D. hansenii;

FIG. 6. Micrographs that show the cellular lipid accumu-
lation in D. hansenii;

FIG. 7. growth of D. hansenii in three different liquid
culture media;

FIG. 8. Lipid accumulation in D. hansenii on media con-
taining salt at two different temperatures;

FIG. 9. Growth of D. kansenii on crude glycerol;

FIG. 10. Inhibition of microbial contamination with salt in
growing cultures of D. hansenii;

FIG. 11. Inhibition of microbial contamination with salt in
growing cultures of D. hansenii;

FIG. 12. Salt-tolerance of D. hansenii;

FIG. 13. Growth of D. hansenii on pure carbon sources;

FIG. 14. Growth of D. kansenii in liquid media containing
Avicel (microcrystalline cellulose) and cellulase—treated
Avicel;

FIG. 15. Growth of D. hansenii using cellulase—treated
sugarcane bagasse as carbon source

FIG. 16. D. hansenii hygromycin sensitivity test.

FIG. 17. Electron micrographs of D. hansenii cells derived
from wortmannin-treated, 48 hr liquid cultures. Lipid bodies
(large white inclusions) are physically separated from vacu-
olar and nuclear compartments.

FIG. 18. Electron micrographs of D. hansenii cells derived
from untreated 48 hr liquid cultures. Lipid bodies (large white
inclusions) are physically separated from vacuolar and
nuclear compartments.

FIG. 19. Electron micrographs of D. hansenii cells derived
from wortmannin-treated 120 hr liquid cultures. Lipid bodies
(large white inclusions) are physically separated from vacu-
olar and nuclear compartments. Alterations in intracellular
membrane morphology (compared to control) are also
observed.

FIG. 20. Electron micrographs of D. hansenii cells derived
from untreated 120 hr liquid cultures. Lipid bodies (large
white inclusions) are physically separated from vacuolar and
nuclear compartments. In addition, the data demonstrate an
increase in intracellular lipid over time in this medium (glu-
cose containing minimal medium).

FIG. 21. Electron micrographs of D. hansenii cells derived
from wortmannin-treated 192 hr liquid cultures. Lipid bodies
(large white inclusions) are physically separated from vacu-
olar and nuclear compartments. Alterations in intracellular
membrane morphology (compared to control) are also
observed.

FIG. 22. Electron micrographs of D. hansenii cells derived
from untreated 192 hr liquid cultures. Lipid bodies (very large
white inclusions) remain physically separated from vacuolar
and nuclear compartments. In addition, the data demonstrate
an increase in intracellular lipid over time in this medium
(glucose containing minimal medium).

FIG. 23. Extracellular vesicles from cultures of D. hansenii
were stained with Nile red and observed under the fluorescent
microscope. Insets: release of hydrophobic materials
attached to the glass wall from culture of D. hansenii in
medium A containing 30 g/LL of glucose and 0.1 g/I. NH,C1.
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FIG. 24. Growth of D. hansenii in the absence and presence
of PI-3 kinase inhibitors LY 294002 and wortmannin.

FIG. 25. Secretion of lipid by D. hansenii. Treatment of
100 nM wortmannin reduced the number of extracellular lipid
bodies (A) while the percentage of viable cells (B) was not
affected. Cell viability was determined by FUN1 stain and
microscopic observation and quantifications. The data dem-
onstrate the secretion of lipid bodies by the yeast.

FIG. 26. Time course of lipid secretion by D. hansenii
demonstrates that lipid secretion requires PI-3 kinase activity.
Treatment of 100 nM wortmannin reduced the number of
extracellular lipid bodies over a time course of treatment.
However, cell viability was not affected. Cell viability was
determined by FUN1 stain and microscopic observation and
quantification. The data demonstrate the secretion of lipid
bodies by the yeast. A. Ohr, B. 48 hr, C. 96 hr, D. 120 hr, E. 144
hr.

FIG. 27. Formation of the lipid film on the tube wall of D.
hansenii culture. Day-1 culture. Right tube holds the blank
culture (medium A only).

FIG. 28. Lipid composition of secreted TAGs is different
from bulk cellular lipid. HPTLC profiles of lipid from
secreted and non-secreted fractions demonstrate differential
species present in each fraction. Six parallel cultures were
processed. D. hansenii cultures were grown to high density
(OD600>>1.5). The cultures were then diluted in low nitro-
gen medium N (OD600 0.05) and grown for 5-7 days. Next,
cell pellets and supernatant were removed by pipetting out, a
film layer on the tube walls remained. The tube walls were
washed with fresh medium A 3-5 times. The pellet was sepa-
rated from supernatant by centrifugation. Each fraction (pel-
let, supernatant, and film on the tube walls) was extracted for
lipids as described in the figures. The same fractions were
extracted for proteins from similarly grown cultures. Protein
bands were observed in tube wall films and in the pellet but
not in the supernatant. These data therefore indicated a spe-
cific (i.e., non-lytic) process for lipid secretion.

FIG. 29. An enzymatic assay to measure extracellular TAG
species provides linear information over 2 logs of TAG con-
centrations. The enzymatic reactions convert extracellular
TAGs into glycerol and then dihydroxyacetone phosphate,
accompanied by the formation of hydrogen peroxide. Color
reaction based on the degradation of hydrogen peroxide
enables measurement with a spectrophotometer.

FIG. 30. An enzymatic TAG assay reveals that D. hansenii
secretes TAG into the extracellular medium over a time
course of growth in various carbon sources. The amount of
TAG synthesized as a function of total cell weight (biomass)
was determined (upper left). The amount of intracellular
lipid, total lipid, and extracellular TAG was also measured
(upper right, lower left, lower right, respectively).

FIG. 31. S. cerevisiae cells were grown in synthetic
medium (YSC), loaded with oleic acid (OA), switched to low
nitrogen (LN) medium, and then washed with PBS. Extracel-
Iular TAG was quantified at different time points after the
wash. No glycerol was detected in the extracellular lipid
extract before the addition of lipase. These data indicate that
oil secretion is evolutionarily conserved, and can be induced
in non-oleaginous, genetically-tractable organisms. Impor-
tantly, because S. cerevisiae is a model for a wide variety of
plant and animal secretion, these data indicate that oil secre-
tion can be induced in both plants and animal cells.

FIG. 32. Phenotype Microarray (PM) strategy. Phenotype
microarrays were used to define conditions under which D.
hansenii optimally secreted oil. The strategy for PM analysis
is depicted.
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FIGS. 33 and 34. Growth of D. kansenii in the presence of
various carbon sources (as measured using the OMNILOG
PM).

FIG. 35. PM1_1 after 5 days of incubation at 30° C.

FIG. 36. PM2_2, after 6.5 days of incubation at 30° C.

FIG. 37. Time course of D. hansenii growth in the presence
of'various carbon sources (as measured using the OMNILOG
PM).

FIG. 38. Growth of D. hansenrii in glycerol alone or with
NaCl (as measured using the OMNILOG PM).

FIG. 39. Growth of D. hansenii in assorted osmolytes (as
measured using the OMNILOG PM).

FIG. 40. Growth of D. hansenii in osmolytes, cont’d. (as
measured using the OMNILOG PM).

FIG. 41. Growth of D. hansenii in potassium chloride (as
measured using the OMNILOG PM).

FIG. 42. Growth of D. hansenii at various pH values (as
measured using the OMNILOG PM).

FIGS. 43 and 44. Growth of D. hanseniiin acid and base (as
measured using the OMNILOG PM).

FIG. 45. Growth of D. hansenii at various pH values (as
measured using the OMNILOG PM).

DETAILED DESCRIPTION OF THE INVENTION

While the making and using of various embodiments of the
present invention are discussed in detail below, it should be
appreciated that the present invention provides many appli-
cable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments dis-
cussed herein are merely illustrative of specific ways to make
and use the invention and do not delimit the scope of the
invention.

To facilitate the understanding of this invention, a number
of terms are defined below. Terms defined herein have mean-
ings as commonly understood by a person of ordinary skill in
the areas relevant to the present invention. Terms such as “a”,
“an” and “the” are not intended to refer to only a singular
entity, but include the general class of which a specific
example may be used for illustration. The terminology herein
is used to describe specific embodiments of the invention, but
their usage does not delimit the invention, except as outlined
in the claims.

As used herein, the terms “tolerant” and “greater toler-
ance” refer to the ability of a cell or organism to survive and
grow better in a given environmental condition better than a
reference cell or organism. Typically in the present invention,
the reference cell or organism is a wild type cell or organism,
or a cell or organism that is isogenic except for a specified
genetic difference.

As used herein, the term “salt tolerance” refers to the
tolerance of an organism to elevated levels of dissolved salts,
e.g., NaCl and/or osmolytes, e.g., glycerol, but can also
include tolerance to elevated levels of other dissolved salts,
e.g., potassium, calcium, and magnesium salts or osmolytes.

As used herein, the term “culturing” refers to a process of
growing cells or organisms under conditions that allow
increase in size and/or number of cells or organisms, or that
are intended to test for such increase in size and/or number.
For example, culture includes growth of yeast cells in liquid
or solid media culture, as well as growth of plants in soil.
Thus, culturing is distinguished from mere storage of cells or
organisms.

As used herein, the term “cell culture” refers to culture of
cells as distinguished from culturing multicellular organisms,
such as plants. That is, the cells are present as generally
separated cells without organization into natural complex
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structures such as tissues. Commonly, cell culture is carried
out with liquid media, with the cells either on a surface or
surfaces and bathed by the media, or suspended in the media.

As used herein, the phrase “high salt conditions” refers to
the presence of salt and other osmolytes, e.g., sodium chlo-
ride (or sodium ion), carbohydrates and glycerol in solution
or in position to become solubilized at a concentration higher
than normal for a particular cell type or organisms of interest,
e.g., to eliminate or prevent the growth of unwanted organ-
isms. For example, increasing the salt concentration of a
bioreactor or fermentor waste stream that includes ferment-
ing bacteria or yeasts can be used to eliminate or prevent the
continued growth of those organisms, while permitting the
halophilic yeast of the present invention to convert glycerol
and cellulosic materials into long-chain hydrocarbons with
little or no interference from other fermenting bacteria or
yeast.

As used herein, the phrase “growth conditions™ refers to
conditions that allow growth, preferably including increase in
numbers, of a reference cell or organism such as Debaryo-
myces hansenii.

As used herein, the phrase “exponential growth phase”
refers to the period of growth of cells (e.g., yeasts) in non-
replenished medium during which active growth occurs.
When number of cells is plotted in a semi-log plot versus
time, the exponential growth phase is shown as a generally
linear section of the curve, typically between an upward curv-
ing initial growth period (generally representing a lag phase
and induction of growth) and a later portion of the curve
where the slope decreases as growth in the number of cells
substantially slows and usually essentially stops (stationary
phase).

As used herein, the phrases “stationary growth phase” or
“stationary phase” refer to the period in growth of cells in
non-replenished medium during which the increase in the
number of cells substantially slows and typically stops. Cells
can also be maintained in exponential growth phase in con-
tinuous culture, e.g., by replenishment of media and removal
of cells.

As used herein, the phrase “increased yield” refers to a
culture that produces a greater amount of the product than a
reference culture, or a greater amount in a specified time
period. The increase may, for example, be due to the presence
of'a greater density (number) of cells in a particular volume of
culture.

As used herein, the term “fermentation” refers to a meta-
bolic process (and the associated culture process) that is not
principally a respiration process. Thus, fermentation is a gen-
erally anaerobic process.

As used herein, the term “liquid culture” refers to a culture
of cells or organisms that is carried out with the cells or
organisms primarily suspended in a liquid growth medium.

As used herein, the term “lipid” refers insoluble com-
pounds that are soluble in nonpolar (e.g., chloroform and
benzene) solvents.

As used herein, the term “hydrocarbon” refers to a particu-
lar class of lipids, with particular emphasis on the aliphatic
hydrocarbons, such as n-alkanes and n-alkenes. It should also
be noted that n-alkanes tend to be odd-numbered as they
result from enzymatic decarboxylation of fatty acids.

As used herein, the term “fatty acid” refers to compounds
the building blocks of lipids and exist in free forms (e.g., free
fatty acids), bound forms (e.g., through ester linkages in lipid
classes such as wax esters, triacylglycerols, and phospholip-
ids), and in combination with other biochemical classes such
as glycolipids (macromolecules formed by combination of
lipids with carbohydrates) and lipoproteins (macromolecules
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formed by the combination of lipids with proteins). As used
herein, the term fatty acids includes even-chain, odd-chain or
combinations of both even- and odd-chain fatty acids.

Asused herein, the term “n-alkanols” (fatty alcohols) are a
type of lipid synthesized by enzymatic reduction of fatty
acids.

As used herein, the term “neutral lipids™ are defined as
(lipid weight)/(cell dry weight) produced by the organism
under defined conditions.

As used herein, the term “secretion” refers to a process
whereby a biological molecule is transported from the inside
of'the cell to the outside of the cell via a process that does not
involve concomitant cell death.

As used herein, the term “lipid body secretion” refers to a
process whereby lipid bodies are secreted.

Asusedherein, the term “lipid body” also referred to as “oil
body” is a subcellular organelle that is enriched in lipids
and/or biological oils. Lipid bodies can be enriched in par-
ticular kinds of lipids, including, but not limited to triacylg-
lycerols. It should be noted that lipid bodies may comprise
inorganic molecules, protein, small organic molecules, ions,
and other biological biologicals associated with them.

While the present invention includes, as an example, a
biofuel made by D. hansenii, other oleaginous yeast and
oleaginous bacteria may be used with the present invention.
Examples of oleaginous yeast that may be used with the
present invention include, but are not limited to: Yarrowia,
Candida, Rhodotorula, Rhodosporidium, Cryptococcus, Tri-
chosporon and Lipomyces. Other examples of oil-synthesiz-
ing yeast include: Rhodosporidium toruloides, Lipomyces
starkeyii, Lipomyces lipoferus, Candida revkaufi, Candida
pulcherrima, Candida tropicalis, Candida utilis, Candida
valida, Candida utilis, Codermyces poitrasii, Cryptococcus
curvatus, Cryptococcus albidus, Pichia angusta, Trichos-
poron pullans, Trichosporon cutaneum, Rhodotorula gluti-
nus, Rhodotorula graminis and Yarrowia lipolytics (formerly
classified as Candida lipolytics). As used herein, the term
“oleaginous yeast,” refers to those microorganisms classified
as yeast that can accumulate at least 25% of their dry cell
weight as oil. Examples of oleaginous yeast include (but are
not limited to) the following genera: Yarrowia, Candida,
Rhodotorula, Rhodosporidium, Cryptococcus, Trichosporon
and Lipomyces. Examples of bacteria that may be used in
conjunction with the present invention include, but are not
limited to, Rhodococcus opacus, Klebsiella, Clostridium or
Escherichia.

Example 1
Growth and Lipid Accumulation of D. hansenii

FIG. 1 shows plates with the growth of D. hansenii on
sugarcane juice. D. hansenii (Dh) and S. cerevisiae (Sc)
grown on medium A containing glucose or various concen-
trations of sugarcane juice. Minimal media were supple-
mented with 1.5% yeast extract as well as 5%, 10%, 25%, and
50% (v/v) sugarcane juice. D. hansenii grew well on media
containing up to 50% sugarcane juice and S. cerevisiae did
not grow on media containing more than 5% of the sugarcane
juice. Lipid accumulation was indicated by Nile Red fluores-
cence in D. hansenii but not in S. cerevisiae.

FIG. 2 shows plates with the growth of D. hansenii using
sugarcane bagasse extracts as carbon source. D. hansenii
(Dh) and S. cerevisiae (Sc) inoculated on minimal media
containing sugarcane bagasse extracts using sulfuric acid or
water as solvents. Crushed or uncrushed sugarcane bagasse
were pre-treated with 2% sulfuric acid or waterat 121°C., 15
psi for 45 min. The supernatant were collected and supple-
mented in the media at 50% (v/v), and pHs of the media were
adjusted to 5.5 with NaOH pellets.
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FIG. 3 is a graph that shows the growth of D. hansenii in
liquid media with various concentrations of glucose. D. hans-
enii growth in Media A with various concentrations of glu-
cose (0, 0.05,0.5, 1, 2, 4, 5, 10, 15, 20%) and various con-
centrations of NH,Cl (low: 0.01 g/L; high: 5 g/L.). D. hansenii
were inoculated in various liquid media and cultured at 30° C.
for 120 hr and plated on YPD.

FIG. 4 shows plates with the growth and oleagenicity of D.
hansenii on glucose and glycerol containing media. Compari-
son of D. hansenii (Dh) and S. cerevisiae (Sc) grown on
minimal media. All media were supplemented with 1.5%
yeast extract as well as (A) no carbon source, (B) 30 g/LL
glucose, (C) 10% glycerol, (D) 20% glycerol, (E) 30% glyc-
erol, or (F) 40% glycerol. Plates were illuminated with UV
light source (302 nm) to demonstrate lipid accumulation indi-
cated by in vivo lipid staining using Nile Red, which is also
supplemented in the media, and upon excitation, fluoresced
red in D. hansenii. Photographs were taken 6 days postinocu-
lation.

FIG. 5 shows a time course of lipid accumulation in D.
hansenii. Lipids accumulation in D. kansenii when grown on
minimal media containing 0.5 pg/ml. Nile Red plus 20%
glycerol or 30 g/L. glucose two to six days post inoculation.
Cultures were photographed every 24 hr. On glycerol sub-
strate, D. hansenii cells fluorescent on day four (red arrow)
while on glucose substrate, D. hansenii cells fluorescence on
day three (green arrow).

FIG. 6 are micrographs that show the cellular lipid accu-
mulation in D. hansenii. Fluorescence microscopy of lipids
loaded D. hansenii grown on glycerol. D. hansenii was grown
on minimal media containing Nile Red (0.5 pg/ml) with
glycerol (B and E) or glucose (C and F) as carbon sources.
Stained with Nile Red (E and F), lipid accumulated in D.
hansenii cells fluoresced upon UV excitation (560 nm) (E and
F), while non-stained cells (D) did not fluoresce. Scale
bar=10 pm.

FIG. 7 are graphs that show the growth of D. hansenii in
liquid media. A. Growth kinetics of D. hansenii in YPD liquid
medium at 25° C. and 30° C. B. D. hansenii grown in minimal
media (MM) with glucose (30 g/L) as the sole carbon source.
C. D. hansenii grown in minimal medium (MM) with 20%
glycerol (v/v) as the sole carbon source. LN: 0.1 g/l NH,Cl
low nitrogen concentration; HN: 5 g/[. NH,Cl high nitrogen
concentration; LS: 14 mM NaCl low salt concentration; MS:
0.8M NaCl medium salt concentration; HS: 1.6M NaCl high
salt concentration. Approximate hours at which cells entered
exponential growth phase were 12, 48 and 72 hr for A, B and
C, respectively.

TABLE 1

Biomass of D. hansenii and S. cerevisiae. Cultures initiated with 1 x 10°
cells/mL in 1 L of Medium A grown to saturation after 4 days in shake
culture (150 rpm at 30° C.).

Final Cell Wet? Dry®
count weight/l.  weight/L
Organism Medium (per mL) (g) (g)
Saccharomyces Medium A 3.3x 107 2.51 0.64
cerevisiae (with glucose)
Debaryomyces Medium A 1.16 x 108 7.14 2.3
hansenii (with glucose)
Debaryomyces Medium A with 20% 1.73 x 108 8.88 3.31

hansenii glycerol (no glucose)

“Wet weight determined by pelleting cells by centrifugation;
bDry weight determined by lyophilizing pellets.



US 9,340,768 B2

11
TABLE 2

D. hansenii lipid composition. All lipids were extracted and analyzed
using the method of Canuel and Martens (1996). Identification of
individual compounds were based on relative retention times of
standard compounds and subsequently verified with combined gas
chromatography-mass spectrometry. The results here indicate that oleic
acid and hexadecane are the most abundant long-chain fatty acids and
hydrocarbons in D. hansenii. It should be noted that long-chain n-alkanes
(e.g., Cy7, Cyg, and Cy,) are generally found in the epicuticular waxes
of vascular plants (Bianchi, 2007, and references therein). In contrast,
short-chain n-alkanes (e.g., C;s, C,7, and C), are derived from algal
sources. However, some compounds within C,q to C,g range are likely
produced by bacteria. Earlier work by by Merdinger and Devine (1965)
also showed high concentrations of oleic acid, as well as the C22
hydrocarbon anthanthrene, with some hydrocarbons ranging as high C39.
Overall, our results did show significant effects of growth media and
N-limitation on the relative percentages and composition of lipids in
D. hansenii. Percent relative abundance of fatty acids, n-alkanols, and
hydrocarbons in D. hansenii grown in media containing glucose,
glycerol or YPD.

MA with 30 g/l.  MA with 20%

Glucose Glycerol YPD
Compound (high C/N) (high C/N) (low C/N)
Class (% of total) (% of total) (% of total)

Fatty Acids
C-16:1 (oleic acid) 72.7 55.0 81.0
C-17 (unknown) 31 2.5
C-20 (unknown) 14.3 25.0
C-30 (unknown) 9.9 20.0 16.5
n-alkanols

C-30 95.6 10.5
C-40 4.4 89.5

Hydrocarbons
C-16 (hexadecane) 779 96.2 25.0
C-16 (unknown) 5.4 0.3 12.5
C-17 35
C-20 2.3
C-26 0.9
Cc-27 6.3 37.5
C-30 3.6
C-35 2.3
C-36 1.4 25.0
C-40
C-44

FIGS. 8A and 8B show the lipid accumulation in D. kans-
enii on media containing salt. Lipids-loaded D. hansenii
grown on Nile red and glucose- or glycerol-containing solid
medium at 25° C. (A) or 30° C. (B). Differences in Nile Red
staining of serial dilutions of D. hansenii cells grown on
media containing high (HN: 5 g/L.) or low concentrations of
NH,CI(LN: 0.1 g/L) were insignificant. Fluorescence of Nile
Red stained D. hansenii grown on various NaCl concentra-
tions (L.S: 14 mM, MS: 0.8M, and HS: 1.6M) were similar in
strength. Cells grown at 30° C. had slightly stronger fluores-
cence than that of 25° C.

FIG. 9 shows the growth of D. hansenii on crude glycerol.
D. hansenii (Dh) and S. cerevisiae (Sc) grown on minimal
media containing various concentrations of crude glycerol
generated from a biodiesel plant. Minimal media were
supplemented with 1.5% yeast extract as well as 5% (A), 10%
(B), 20% (C), 30% (D) and 40% (F) filtered (upper panels) or
unfiltered (lower panel) crude glycerol. D. hansenii grew well
on media containing up to 30% of the crude glycerol and S.
cerevisiae did not grow on media containing more than 5% of
the crude glycerol. Lipid accumulation was indicated by Nile
Red fluorescence in D. hansenii but not in S. cerevisiae.

FIG. 10 is a graph that shows inhibition of microbial con-
tamination with salt in growing cultures of D. hansenii.
Microbial growth in non-sterile tap water-based media with
crude glycerol from a biodiesel plant and various concentra-
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tions of NaCl. D. hansenii were inoculated in various liquid
media and cultured at 30° C. for 48 hr and plated on YPD. All
microbe colonies formed on solid YPD plates were counted.
Total osmolarity of the media calculated based on NaCl and
glycerol were indicated in red below the X-axis label. Total
osmolarity of 1.5M inhibited contamination of cultures from
other microbes.

FIG. 11 is a graph that shows inhibition of microbial con-
tamination with salt in growing cultures of D. hansenii.
Microbial growth in non-sterile tap water with crude glycerol
from a biodiesel plant and various concentrations of NaCl. D.
hansenii were inoculated in various liquid media and cultured
at 30° C. for 48 hr and plated on YPD. All microbe colonies
formed on solid YPD plates were counted.

FIG. 12 is a graph that shows the salt-tolerance of D.
hansenii. Microbial growth in non-sterile tap water-based
media with crude glycerol from a biodiesel plant and various
concentrations of NaCl plotted again osmolarity of the media.
D. hansenii were inoculated in various liquid media and cul-
tured at 30° C. for 48 hr and plated on YPD. All microbe
colonies formed on solid YPD plates were counted. D. hans-
enii tolerated salt to osmolarity of 2.9 M.

FIG. 13 shows the Growth of D. hansenii on pure carbon
sources. D. hansenii (Dh) and S. cerevisiae (Sc) grown on
minimal media containing no carbon source, 30 g/L. of glu-
cose, arabinose, xylose, carboxymethylcellulose or cello-
biose. D. hansenii grew well on media containing glucose,
arabinose and cellobiose. Lipid accumulation was indicated
by Nile Red fluorescence in D. hansenii grown on glucose but
not on cellobiose.

FIG. 14 is a graph that shows the growth of D. hansenii in
liquid media containing Avicel (microcrystalline cellulose)
and cellulase—treated Avicel. Growth of D. hansenii in liquid
media containing cellulose (avicel) or cellulosic biomass
(sugarcane bagasse). —c: no carbon source; CB: acid pre-
treated crushed bagasse; UCB: acid pretreated uncrushed
bagasse; NTCB: non-treated crushed bagasse; Avicel/C: cel-
Iulase digested Avicel; CB/C: cellulase digested acid pre-
treated crushed bagasse; UCB/C: cellulase digested acid pre-
treated uncrushed bagasse; NTCB/C: cellulase digested non-
treated crushed bagasse. Glucose and bagasse (dry) were
added to the media at 30 g/L..

FIG. 15 is a graph that shows growth of D. kansenii using
cellulase-treated sugarcane bagasse as carbon source. Growth
of D. hansenii in liquid media containing cellulose (avicel) or
cellulosic biomass (sugarcane bagasse). —c: no carbon
source; CB: acid pretreated crushed bagasse; UCB: acid pre-
treated uncrushed bagasse; NTCB: non-treated crushed
bagasse; Avicel/C: cellulase digested Avicel; CB/C: cellulase
digested acid pretreated crushed bagasse; UCB/C: cellulase
digested acid pretreated uncrushed bagasse; NTCB/C: cellu-
lase digested non-treated crushed bagasse. Glucose and
bagasse (dry) were added to the media at 30 g/L..

FIG. 16 shows a D. hansenii hygromycin sensitivity test.
D. hansenii is sensitive to hygromycin. Various amount of D.
hansenii cells were inoculated on plates containing 0 (a), 50
(b), 100 (c) or 150 (d) pg/mL hygromycin. A working con-
centration of 100 ng/ml. medium for hygromycin resistance
gene transformation into D. hansenii can be used.

TABLE 3

Growth and oleagenicity of D. hansenii on pure oligosaccharide:

Carbon source Growth Oleagenicity
Glucose +++ Yes
Arabinose +++ No
Xylose + No
Cellobiose ++ No
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TABLE 3-continued

Growth and oleagenicity of D. hansenii on pure oligosaccharide:

Carbon source Growth Oleagenicity
CMC (carboxymethyl cellulose) ++ No
Avicel (microcrystalline cellulose) ++ No

As will be apparent to one skilled in the arts, the invention
has broad implications beyond oleaginous microbes, and can
be readily extended—by one skilled in the arts, to other kinds
organisms, including but not limited to green algae.

The present invention includes systems and methods for
the conversion of short-chain carbohydrates from biofuel for-
mation and cellulosic biomass into high energy fuels. The
present invention may be used with one or more known meth-
ods for final recovery of hydrocarbons and other lipids. The
recovery of long chain fatty acids and hydrocarbons may
include of one or several steps. For maximum recovery of
fatty acids and hydrocarbons, water content of yeast cells may
be reduced to 10-20% w/w by a suitable method. Suitable
methods include oven drying, spray draying, drum drying,
pneumatic flush drying and similar method used in food, feed
and chemical industries. Dried cell biomass can then be
ground’/homogenized/sheared in the presence of organic sol-
vent or a mixture of organic solvents. Organic solvents of
choice may include hexane, mixture of hexane and ethanol,
chloroform and methanol. Organic solvent(s) are separated
from the lipophilic compounds (fatty acids and hydrocar-
bons) by evaporation to yield a solvent-free mixture of fatty
acids and hydrocarbons that are further processed into biodie-
sel, gasoline or jet fuel.

Strains. D. hansenii strain NRRL Y-1448 (ATCC 10619)
and S. cerevisiae strain BY4742 were obtained from the
American Type Culture Collection (Virginia, USA) and
maintained on YPD agar (casein peptone 2%, yeast extract
1%, glucose 2%, 1.5% agar; USB Corporation, Ohio, USA).

Culture media and cultivation conditions. For liquid cul-
ture, single colony of D. hansenii or S. cerevisiae were pre-
cultured in 2 mL YPD or other desired media (see below) and
incubated at 30° C. for 24 hr. Cells were counted using a
hemacytometer and spun down at 3000 rpm for 15 minutes.
Cells at a concentration of 1x10%ml, were used to inoculate
the desired media with 1% of the total volume. Medium A
with limited nitrogen source (glucose 30 g/L, yeast extract 1.5
g/L, NH,C1 0.1 g/, KH,PO, 7.0 g/L, Na,HPO, 1.983 g/,
MgS0,.7H,0 1.5 g/L, FeCl,.6H,0 0.08 g/L, ZnSO,.7H,0O
0.01 g/L, CaCl,.2H,0 0.1 g/, MnSO_,.H,O 0.07 mg/L,
CuS0,.5H,0 0.1 mg/L, Co(NO,),.6H,0 0.1 mg/L, pH 5.5;
see Kimura et al., 2004) was used to support the growth of D.
hansenii and induce cellular lipid accumulation. Medium A
with sufficient nitrogen supply (NH,Cl 5 g/L) was used to
support growth without the induction of lipid accumulation.
To testthe growth of D. hansenii on carbon sources other than
glucose, glucose was dropped out from medium A and
replaced with desired carbon sources at the same concentra-
tion except for glycerol, which was at 10% or 20% (v/v).
Sorgum juice was obtained from Department of Soil and Crop
Sciences, Texas A&M University, and had an average sugar
content of 13.42% (brix %). For making media containing
sorghum juice, raw juice was filter sterilized and added in the
media at various concentrations of 5%, 10%, 25%, and 50%
(v/v). Crude glycerol (Future Fuel Chemical Company,
Arkansas, USA) contained 6% water, 88% glycerol, 2.564%
ash by weight.
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Nile red plate staining assay. Nile red (9-diethylamino-5H-
benzo[a]phenoxazine-5-one) obtained from Sigma-Aldrich
(Missouri, USA) was dissolved in Dimethyl sulfoxide
(DMSO) at a concentration of 0.5 mg/ml. and supplemented
in medium A at a final concentration of 0.5 ng/mL. For direct
observation of cellular lipid accumulation, D. hansenii grown
on solid medium A with Nile red were observed using a UV
light source (312 nm) as described (Spickemann et al., 1999).

Growth, lipid accumulation and substrate utilization kinet-
ics. For growth kinetics studies, D. hansenii cells were inocu-
lated in 2 mL of desired media and cultured overnight. Then
500 uL D. hansenii cell suspension at a concentration of 10°
cells/mL were inoculated into 50 mL media and incubated at
30° C. Optical cell density was measured at 590 nm on a
microplate reader SPECTRAFluor (Tecan Group Ltd.,
Mannedorf, Switzland) every 12 hr for 84-96 hr. Total lipid
accumulation were determined by Nile red fluorescence with
the method by Kimura et al. (ref). Glucose concentration in
growth media at different growth stages were determined
using LabAssay™ Glucose (Wako Chemicals USA, Inc.
Richmond, Va.). Glycerol/triglyceride concentrations in
growth media at different growth stages were determined
using Triglyceride Assay Kit (Cayman Chemical Company,
Ann Arbor, Mich.). All experiments were performed in trip-
licates.

Fluorescent microscopy. After cultivation on Nile red
supplemented solid media, cells were suspended in sterile
water and mounted on a microslide for microscopy. Micro-
scopic photographs were taken with an Olympus BXS51
microscope (Olympus America, New York, USA) equipped
with an Olympus DP70 camera using a 530-550 nm excita-
tion filter, a 570 nm diachronic mirror and a 590 nm emission
filter with a 60x objective lens.

Osmostress tolerance study. For growth comparison in lig-
uid media (made with tap water and no sterilization was
involved) containing osmolytes, D. hansenii cells were
inoculated in 2 mL of the desired media, and aliquots were
spread on YPD plates and cells were counted as colony-
forming units after 2 days of growth at 30° C.

Treatment of cellulosic materials. Crushed (dry and
chopped) and uncrushed (wet and untreated) sugarcane
bagasse were obtained from field. For pretreatment with acid,
100 g crushed and 200 g of uncrushed bagasse were soaked
individually in 1 L 2% H,SO, and autoclaved at 121° C. and
16 psi for 60 min. Then the bagasse was kept at room tem-
perature in acid for 2 hr. The liquid was filtered through
whatman filter paper followed by continuous wash of the
bagasse with deionized water till pH 7. Medium A containing
sugarcane bagasse extract were made using the flow through
and the pH was adjusted to 5.5. For pretreatment with water,
the same procedures were followed using deionized water for
the initial treatment. Avicel was obtained from Sigma (St.
Louis, Mo.). Cellulase (108 U/mg dry weight) was obtained
from Worthington (Lakewood, N.J.). Stock enzyme solution
was prepared in deionized water at 10 mg/ml. and filter ster-
ilized. For cellulase treatment, 1 mg (100 pL.) enzyme were
added to cellulosic materials and incubated at 37° C. over-
night.

Example 2

Oleaginous Microbes to Provide Bioenergy
Feedstocks and High Value Transportation Fuels

Utilization of biofuels provides the promise of reducing
greenhouse gas emissions and enhancing domestic energy
independence. However, current platforms for biofuel pro-
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duction are inefficient. For example, biodiesel synthesis via
transesterification of oil seeds yields a 10% waste stream of
glycerol. Harnessing microbes to convert this waste stream
directly to biodiesel has the potential of dramatically improv-
ing the economics of the industry. D. hansenii is a notable
microbe because it is oleagenic, producing greater than 50%
of its biomass as long chain hydrocarbons, fatty acids and
sterols. Remarkably this yeast can utilize glycerol as its sole
carbon source. Therefore D. hansenii shows great promise for
the direct conversion of the glycerol waste stream into high-
energy transportation fuels. To harness this extraordinary
capacity for the biofuels industry, the present invention devel-
oped compositions and methods to optimize hydrocarbon
synthesis. Furthermore, downstream optimization of meta-
bolic pathways requires an enhanced understanding of the
genetic pathways that contribute to glycerol utilization and
hydrocarbon synthesis.

Biofuels hold great promise for reducing greenhouse gas
emissions and enhancing domestic energy independence
[1-3]. In addition, the activities of the biofuel industry are
expected to positively impact the development of rural and
agricultural economies, including impoverished regions
along the U.S.-Mexico border where agriculture is a particu-
larly important to the regional economy [4-6]. Despite this
promise, the biofuel industry remains plagued by production
inefficiencies that may jeopardize its long-term viability [3, 7,
8]. Therefore, technologies that improve the efficiency and
economics of biofuel production are critical to the success of
the industry [2, 9].

A salient example of biofuel production inefficiency is
associated with biodiesel synthesis, where large quantities of
glycerol wastes are generated during the refining process.
With every 100 kg of biodiesel produced by the transesteri-
fication of oil seeds, 10 kg of crude glycerol are generated.
Processes that can capture value from this waste stream by
converting crude glycerol into high value products have the
potential to dramatically improve the economics of the indus-
try. In fact, the efficient utilization of this waste stream has
been recognized as being critical to the economic viability of
the industry [10, 11]. Recently, microbes that ferment glyc-
erol into ethanol have been described [12-15]. However, etha-
nol is not compatible with existing transportation infrastruc-
ture, and possesses less energy per molecule than gasoline
and other long-chain hydrocarbons. Therefore, technologies
that enable the direct bioconversion of glycerol into long-
chain hydrocarbons, including biodiesel and jet fuel, hold
significant promise. The present invention is a novel biotech-
nology platform, the oleaginous and halotolerant yeast D.
hansenii [16], for the direct bioconversion of glycerol into
high-energy transportation.

Oleaginous microbes provide a compelling route for con-
verting bioenergy feedstocks into high value transportation
fuels. By definition, oleaginous microbes are organisms in
which long-chain hydrocarbons and lipids constitute greater
than 25% of the cell dry weight [17-21]. To date, several
oleaginous microbes have been described, including oleagi-
nous bacteria (e.g., Rhodococcus opacus, Nocardia restricta,
Mycobacterium avium) and yeasts (e.g., Debaryomyces sp.,
Rhodosporidium sp., Rhodotorula sp., and Lipomyces sp.)
[17, 18, 20].

Oleaginous yeasts possess several intriguing properties.
First, several species can grow on a variety of carbon sources,
including xylose, glucose, and arabinose [16, 22]. Debaryo-
myces is notable for its ability to grow on glycerol as the sole
carbon source (see below). In addition, oleaginous yeasts
produce triacylglycerides (TAGs) with long-chain fatty acids
(LCFA), comparable to those found in vegetable oils (e.g.,
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canola, palm, corn, coconut, and jatropha oils), animal fats,
and microalgae ([23], and references therein). Finally, several
oleaginous species grow rapidly in culture in both rich and
selective media, and hence are amenable to laboratory
manipulation [24]. Therefore, oleaginous yeasts constitute a
viable candidate for the synthesis of long chain hydrocarbons
used in biodiesel production.

Growth conditions that lead to maximal accumulation of
lipids in oleaginous yeasts have been investigated [25]. In
general, most oleaginous yeasts grown in continuous culture
will accumulate lipids if an adequate carbon (C) source, such
as glucose, is available ([25], and references therein). How-
ever, maximal accumulation of lipids in these microbes, typi-
cally in the form of intracellular oil droplets, occurs during a
transition where the carbon source remains plentiful, but
another nutrient, particularly nitrogen (N), is limiting [26,
27]. For example, in the yeast Cryprococcus curvatus, not
only does maximum lipid production (ca. 0.59 g lipid L™ h™')
occur during N limitation, but the composition of fatty acid
constituents of the accumulated lipids are altered under this
growth condition [28, 29]. During the high growth phase of C.
curvatus, C, 4., (linoleic acid) is the dominant component of
membranes; this is followed by a dominance of C, 4, (stearic
acid) and C,;., (oleic acid), reflective of storage TAGs in a
later accumulation phase. Typically, after the N source is
exhausted, C. curvatus cell numbers and lipid-free biomass
accumulation ceases. Then intracellular lipids accumulate—
reaching greater than 60% of the dry cell weight [30, 31]. In
addition to the three aforementioned LCFAs, some other
LCFA commonly found in oleaginous fungi are C, 4., (palm-
itic acid)and C, ¢, (palmitoleic acid) [32, 33]. Other work has
shown that some of N limitation effects may be linked to a
decrease in the abundance of adenosine monophosphate
(AMP), via an AMP deaminase enzyme that adaptively lib-
erates nitrogen from AMP in the form of ammonium [34, 35].
The dominant fatty acids in C. curvatus grown on glucose are
oleic, palmitic, and stearic acids [36]. Similarly, the dominant
fatty acids in the lipids of glucose-grown D. hansenii are
palmitic acid (23.7%) and oleic acid (50.1%), with 59.7% of
all of the fatty acids being unsaturated [37]. In addition, the
hydrocarbons in D. hansenii range from C, 4 to C;, and are
dominated by C,,. Finally, previous work has demonstrated
D. hansenii contains ergo sterol, stigma sterol and another
unidentified sterol [37].

The molecular mechanisms mediating fatty acid biosyn-
thesis and triacylglyceride (TAG) accumulation in yeast have
been best described in the non-oleagenous model S. cerevi-
siae [38, 39], which is closely related to D. hansenii. Impor-
tantly, insights gained in this system have proven useful for
understanding lipid accumulation in several oleaginous
microbes [40, 41], including Debaryomyces [16], which
shares many conserved genes. TAG synthesis in Saccharo-
myces proceeds in a stepwise fashion. First, phosphatidic acid
(PA) and diacylglycerol (DAG) are synthesized. During PA
synthesis, glycerol 3-phosphate G-3-P is diacylated to yield
PA. Alternatively, dihydroxyacetone phosphate (DHAP) is
acylated by DHAP acyltransferase (DHAPAT) to form
1-acyl-DHAP. This molecule is then reduced by 1-acyl-
DHAP reductase (ADR) to yield lysophosphatidic acid
(LPA). This product is then acylated to form PA. PA can also
be formed from phospholipids through the action of a phos-
pholipase D, or by phosphorylation of DAG through DAG
kinase. Dephosphorylation of PA by a phosphatidate phos-
phatase (PAP) yields DAG. Finally, diacylglycerol acyltrans-
ferases (DAGATSs) convert DAG to TAG using assorted acyl
donors. The ability of certain oleaginous yeasts to accumulate
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lipids may also be strongly linked to having another enzyme,
ATP: citrate lyase (ACL), not found in non-oleaginous yeasts
[42].

Yeasts also accumulate unesterified long chain hydrocar-
bons, which can range from 0.01 to as much as 10.2% of the
cell dry weight in aerobic and anaerobic conditions, respec-
tively [43]. In fact, D. hansenii is one of three yeasts know to
produce these hydrocarbons [44], the other two are Candida
guilliermondii and Saccharomyces cerervisiae [43]. The
effects of C. substrate have also been shown to affect the
composition of hydrocarbons in yeasts. For example, C.
tropicalis grown on glucose typically produces mid-chain
alkanes (C,4-C,5), while 49 to 66% of the alkanes are in
long-chain (C,,-C,5) when grown on glycerol. The role of
unesterified hydrocarbons in yeasts and other microorgan-
isms remains unclear but are most likely used as membrane
support structures. Nevertheless, these stable long-chain
hydrocarbons are potentially very useful in development of
biodiesel from yeast cells.

The present invention include compositions and methods
including the culture conditions for, and strains of, the ole-
aginous and halotolerant yeast D. hansenii, which supports
the direct bioconversion of glycerol and other carbon sources
into biodiesel and other high-energy fuel oils. D. hansenii
constitutes a compelling bioconversion platform. First, unlike
S. cerevisiae, D. hansenii possesses the remarkable ability to
mediate the biotransformation of glycerol into high value
long-chain hydrocarbons and lipids commonly used for
biodiesel synthesis ([37], our preliminary data). In fact, when
D. hansenii is grown on glycerol, neutral lipids constitute
~50% ofthe dry weight of the organism (our preliminary data,
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position of neutral lipids [defined as (lipid weight)/(cell dry
weight)] produced by the organism under defined conditions.
Higher yields translate into a more attractive process. There-
fore, understanding the molecular mechanisms that deter-
mine the net yield of neutral lipids produced by D. hansenii
under defined conditions constitutes a critical milestone its
development as a biofuel platform. Before the described stud-
ies, a systematic analysis of the molecular genetic and culture
condition dependent parameters that influence yield has not
been attempted in this organism. This invention attacks this
issue by defining modified genes (and corresponding bio-
chemical pathways) that regulate the yield of harvestable
(i.e., secreted) oils in D. hansenii.

As stated above, several oleaginous microbes have been
described, and their extraordinary potential for biofuel syn-
thesis has been documented. However, the extraction of
microbial oils from cells, which are sequestered within cyto-
plasmic oil bodies, is costly, time-consuming, and prevents
continuous cultivation and oil harvesting. Overcoming these
obstacles is required for the long-term economic viability of
this approach. Discoveries that render currently inaccessible
oil bodies available for efficient extraction have the potential
to dramatically transform the industry. We uncovered, modi-
fied, and exploited a novel “microdiesel” platform that uses
the oleaginous yeast D. hansenii for the conversion of biom-
ass into high-energy biocrude. This microbe possesses com-
pelling properties for biofuel synthesis (Table 4). Most
importantly, however, we have shown that this remarkable
microbe can actively release oil into the environment, which
creates unique opportunities for delivering next generation
microbial oil solutions.

TABLE 4

Properties for biofuel synthesis.

Debaryomyces microdiesel

Properties Baker’s yeast Debaryomyces platform

Salt tolerance 1.7M NaCl 4M NaCl Few competing demands

pH tolerance 5-7 3-10 Few competing demands

Oil accumulation Low neutral lipids Large quantities of Direct conversion of lipids
(<5%) neutral lipid (20-50%)

Growth rate

Substrate
utilization

Co-products

Genetics

Oil extraction

Very fast (1.5-2
hours/doubling)

Fast (3-4
hours/doubling)

High yield potential

No growth on Use glycerol and Enhanced refinery

glycerol and cellobiose while profitability

cellobiose synthesizing oil

Few Biopolymers Added value

Protein Polysaccharides

Superb Good Engineered strains and
designer oil production

No release Oil actively released Low cost in oil separation

Cell breakage Aqueous extraction

required enabled

see below). Importantly, glycerol utilization appears to be a
property that is reserved for only a few of the oleaginous
yeasts described to date. The genome sequence of D. hansenii
has been determined (cbi.labri.fr/Genolevures/) and key tools
for the genetic manipulation of the organism. For example,
tools for transformation and heterologous gene expression
have been developed for D. hansenii [45, 46]. Finally, D.
hansenii grows rapidly under high salt conditions where the
risk of contamination to industrial-scale bioreactors is limited
([47, 48], our preliminary data). Therefore, D. hansenii pro-
vides a potentially powerful platform for addressing a critical
need in the biofuel industry.

The feasibility of developing D. hansenii into an economi-
cally viable biofuel platform is linked to the yield and com-
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Autophagy is a catabolic process in which (an energy
starved) cell degrades its own components. The phenomena is
highly organized, and tightly regulated, and critical to the
maintenance of cellular homeostasis under a variety of stress
and developmental conditions and processes, respectively. It
is a major mechanism by which a starving cell reallocates
nutrients from unnecessary processes to more-essential pro-
cesses. Autophagic events occur within the autophago-
some—a special organelle that contains membrane that is
derived from the endoplasmic reticulum. Autophagosomes
can fuse with the lysosome, which drives the digestion and
processing of molecules contained within the autophago-
some.

One key aspect of the invention described here is that
modulation of autophagosome pathways can drive the secre-
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tion of oil bodies from microbial cells. This unexpected find-
ing provides unique opportunities to generate that can secrete
oil at high efficiency.

One embodiment of the invention includes a process
whereby a natural or genetically engineered variant of an
archaeal, eukaryotic or prokaryotic cell secretes oil. The pro-
cess involves either growing the cell under conditions that
promote secretion or engineering the cell to contain compo-
nents that modulate the amount of secretion or the composi-
tion of oils and/or lipids that are secreted.

In the case where oil secretion is achieved in a process of
cultivating the cell under conditions that promote oil secre-
tion, several cultivation conditions have been defined. These
include, but are not limited to, conditions in which the cell is
grown under low nitrogen (e.g., nitrogen starvation) or nitro-
gen limiting conditions that have been established to induce
autophagy [60-63].

In an exemplary embodiment of this invention, D. kansenii
produces large amount of oils when grown under conditions
of nitrogen starvation or nitrogen limitation. Electron micros-
copy could be used to verify oil accumulation by cells under
low nitrogen conditions. Electron micrographs were taken for
D. hansenii cells grown at 30° C. in Medium A with glucose
(30 g/L) under low nitrogen conditions (0.1 g/L) with or
without 100 nM wortmannin treatment (a PI-3 kinase inhibi-
tor) for 48 hr (FIGS. 17 and 18), 120 hr (FIGS. 19 and 20) and
192 hr (FIGS. 21 and 22) post inoculation. In both wortman-
nin-treated and untreated cells, intracellular lipid bodies
enlarged over time, but remained physically separated from
vacuolar and nuclear compartments. Wortmannin-treated
cells had alterations in the intracellular membrane morphol-
ogy that are distinct from the untreated cells (FIGS. 17,19 and
21). FIG. 17. Electron micrographs of D. hansenii cells
derived from wortmannin-treated, 48 hr liquid cultures. Lipid
bodies (large white inclusions) are physically separated from
vacuolar and nuclear compartments. FIG. 18. Electron micro-
graphs of D. hansenii cells derived from untreated 48 hr liquid
cultures. Lipid bodies (large white inclusions) are physically
separated from vacuolar and nuclear compartments. FIG. 19.
Electron micrographs of D. hansenii cells derived from wort-
mannin-treated 120 hr liquid cultures. Lipid bodies (large
white inclusions) are physically separated from vacuolar and
nuclear compartments. Alterations in intracellular membrane
morphology (compared to control) are also observed. FIG.
20. Electron micrographs of D. hansenii cells derived from
untreated 120 hr liquid cultures. Lipid bodies (large white
inclusions) are physically separated from vacuolar and
nuclear compartments. In addition, the data demonstrate an
increase in intracellular lipid over time in this media (glucose
containing rich medium). FIG. 21. Electron micrographs of
D. hansenii cells derived from wortmannin-treated 196 hr
liquid cultures. Lipid bodies (large white inclusions) are
physically separated from vacuolar and nuclear compart-
ments. Alterations in intracellular membrane morphology
(compared to control) are also observed. FIG. 22. Electron
micrographs of D. hansenii cells derived from untreated 196
hr liquid cultures. Lipid bodies (very large white inclusions)
remain physically separated from vacuolar and nuclear com-
partments.

Importantly, it was found that nitrogen starvation promoted
extracellular oil accumulation. In particular, a portion of the
oils synthesized by D. hansenii was found in the extracellular
fraction after growth under these conditions. In glass flasks
with D. hansenii cultures, a thin layer of hydrophobic mate-
rials was attached to the hydrophobic wall (inset FIG. 23).
Liquid cultures of D. hansenii were stained with Nile red and
observed under a fluorescent microscopy, and fluorescent
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vesicles containing lipids were observed in the culture
medium (FIG. 23). [FIG. 23. Extracellular vesicles (arrow
head) from cultures of D. hansenii were stained with Nile red
and observed under the fluorescent microscope. Insets:
release of hydrophobic materials attached to the glass wall
from culture of D. hansenii in medium A containing 30 g/LL of
glucose and 0.1 g/L. NH,CL

The lipid body release was determined microscopically.
Low concentrations of wortmannin (100 nM) and LY 294002
(15 uM), two PI-3 kinase inhibitors, both failed to affect the
growth of D. hansenii in medium A with glucose under low
nitrogen conditions (FIG. 24). However, the lipid bodies
released from D. hansenii cells treated with wortmannin sig-
nificantly reduced to lower than 10 per 100 cells at 144 hr post
inoculation, comparing to more than 80 per 100 cells from the
untreated control cells (FIG. 25A, FIG. 26 A-E). Meanwhile,
the cell viabilities remained unaffected (FI1G. 25B, FIG. 26 A-
E). These results indicated that the lipid body release we
observed was rather an active and wortmannin-responsive
process than a cell lysis related phenomenon. FIG. 24.
Growth and lipid accumulation of D. hansenii in the absence
and presence of PI-3 kinase inhibitors LY 294002 and wort-
mannin. FIG. 25. Secretion of lipid by D. kansenii. Treatment
of 100 nM wortmannin reduced the number of extracellular
lipid bodies (A) while cell viability (B) were not affected. Cell
viability was determined by FUNI1 stain and microscopic
observation and quantifications. The data demonstrate the
secretion of lipid bodies by the yeast. FIGS. 26 A-26E. Time
course of lipid secretion by D. hansenii demonstrates that
lipid secretion requires PI3 kinase activity. Treatment of 100
nM wortmannin reduced the number of extracellular lipid
bodies over a time course of treatment. However, cell viability
was not affected. Cell viability was determined by FUN1
stain and microscopic observation and quantification. The
data demonstrate the secretion of lipid bodies by the yeast. 26
A.0hr, 26 B. 48 hr, 26 C. 96 hr, 26 D. 120 hr, and 26 E. 144
hr.

In one embodiment of the present invention, specific frac-
tions of oils are secreted. D. hansenii was used as an exem-
plary microbe to examine accumulation and secretion of lipid
bodies. It should be emphasized however that the present
invention is not limited to this microbial species.

Lipid body secretion was examined in D. kansenii in low
nitrogen medium A, grown for 5 days at 28° C., 250 rpm.
Different fractions of the cultures were extracted and ana-
lyzed for the presence of the lipid and proteins structures. It
was determined whether the organism was capable of dis-
playing specificity in the species of secreted/extracellular
lipids structures, that is, whether the secreted fraction had a
different composition than the non-secreted counterpart.
Demonstration of such specificity reduces to practice
whereby “designer” oils/lipids can be synthesized and
secreted. These designer oils can be optimized for specific
applications, including but not limited to transportation fuels,
lubricants, solvents, and synthetic precursors to complex
polymer synthesis.

There was hydrophobic film formation on the surface of the
liquid cultures throughout the 5-day growth suggesting extra-
cellular lipid bodies. This film tended to stick to the side walls
of'the growth tube as well as forming an easily separable layer
at the surface of the culture solution (FIG. 27). These frac-
tions were extracted for both lipids and proteins.

TLC of different fractions of D. hansenii cultures was
demonstrated in FIG. 28. In TLC using a hexane:diethyl
ether:acetic acid system, simple lipids such as triglycerides
and free fatty acids moved with the mobile phase whereas
complex lipids stayed at the origin. TL.C showed the presence
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of lipids both in the supernatant and in the hydrophobic film
on the surface of the culture. These data indicated that the
lipid bodies were in fact secreted out of the cell during culti-
vation. Although all fractions show the presence of lipids,
differences were noted in the type and the density of the lipids
present in each fraction. To determine the identity ratio of the
lipids in each fraction, further analysis like HL.PC is required.
Nevertheless, in the implication is clear to one skilled in the
art, namely, that the secretion process is such that the lipid
composition of the secreted fraction is different from the
composition of the non-secreted counterpart. Therefore, the
process is specific, and can be engineered for designer oil/
lipid secretion. FIG. 28. Lipid composition of secreted TAGs
is different from bulk cellular lipid. TL.C profiles of lipid from
secreted and non-secreted fractions demonstrate differential
species present in each fraction. Six parallel cultures were
process. D. hansenii cultures were grown to high density
(OD600>>1.5). The cultures were then diluted in low nitro-
gen medium N (OD600 0.5) and grown for 5-7 days. Next,
cell pellets and supernatant removed by pipetting out, a film
layer on the tube walls remained. The tube walls were washed
with fresh medium A 3-5 times. The pellet was separated from
supernatant by centrifugation. Each fraction (pellet, superna-
tant, and film on the tube walls) was extracted for lipids as
described in the figures. The same fractions were extracted for
proteins from similarly grown cultures. Protein bands were
observed in tube wall films and in the pellet but not in the
supernatant. These data therefore indicated a specific (i.e.,
non-lytic) process for lipid secretion. 1. TAG Markers (10-20
ng); 2. CHCl;-MeOH soluble Part of the film on the tube
walls; 3. CHCl;-MeOH soluble Part of the supernatant; 4.
CHCl,-MeOH soluble part of the tube walls after it is washed
with protein extraction buffer; 5. CHCl;-MeOH soluble part
ofthe cell pellet; 6. CHCI, soluble part of the after it is washed
with CHCl;-MeOH.

In C. neoformans, the exocytosis of capsular polysaccha-
rides and other macromolecules has been described. In S.
cerevisae, extracellular secretion of free fatty acids has also
been described. In animals, cytosolic neutral lipid droplets
consist of a core of TAG that is surrounded by a surface
monolayer of phospholipids and proteins. Protein binding to
lipid bodies during yeast development is discussed and the
importance of lipid bodies in biosynthesis, mobilization and
cellular trafficking has been documented.

Thus, in D. hansenii, where lipids bodies are secreted out
of the cell, it is important to understand which proteins are
associated with the lipid bodies. For this purpose protein
extraction was performed to the same three culture fractions
described for lipid extraction. Cell, supernatant and lipid film
fractions of the 5-day culture were extracted (50 mM Tris-
HCL, 2.0 mM DTT, 100 mM NaCl, 14 mM Beta-mercaptoet-
hanol) and extracted proteins were separated using 12.5%
SDS PAGE. The gels showed the presence of proteins in film
fraction and but not in the supernatant fraction. The cellular
fraction, which was used as a positive control, also showed
the presence of the protein on the gel as expected. Therefore,
the lipid bodies and proteins are secreted together. Impor-
tantly, the protein fraction is specific, indicating a selective
process regulating the lipid body secretion event.

It should be immediately apparent to one skilled in the art
that the above example provides for a system in which the cell
that secretes the o0il also produces the oil. Thus, in an impor-
tant embodiment of the present invention, the oil and/or lipid
body secretion is achieved by an oil-producing cell. This
oil-producing cell can, in one aspect of the invention, be an oil
producing microbe, including but not limited to, D. kansenii.
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One skilled in the art will recognize that nitrogen starvation
promotes the differential expression and/or activation of
autophagy associated genes and gene products [64-69],
including but not limited to ATG1, ATG2, ATG3, ATG4,
ATGS, ATG6, ATG7, ATG8, ATG9, ATG10, ATG11,ATG12,
ATG13, ATG14, ATG15, ATG16, ATG17, ATG18, ATG19,
ATG20, ATG21, ATG22, ATG23, ATG24, ATG2S5, ATG26,
ATG27, ATG28, ATG29, ATG30, and/or ATG31. Therefore,
in an important embodiment of the present invention, the
activation and/or modulation of these genes (and/or gene
products) is used to modulate the amount and/or specificity of
lipid or oil body secretion.

One skilled in the art will recognize that nitrogen starvation
promotes the differential expression and/or inactivation of
cellular PI-3 kinase activities. Therefore, in an important
embodiment of the present invention, the activation and/or
modulation of these genes (and/or gene products) is used to
modulate the amount and/or specificity of lipid or oil body
secretion.

In one embodiment of the invention, the modulation of
autophagy associated gene expression is achieved by using
standard molecular genetic approaches to overexpress and/or
knockout one or more of these genes. RNAi mediated
approaches can also be employed to achieve knockdown of
target autophagy associated genes.

In one embodiment of the present invention, oil and/or lipid
body synthesis is achieved by growing an oil producing cell
on a monosaccharide, disaccharide, and/or complex carbon
source, including but not limited to a complex carbon source
that contains pentose and/or hexose sugars, and/or cellulose
and/or cellulose derived products.

Forexample, D. hanseniiis able to grow on assorted carbon
sources including glucose, glycerol and cellobiose. The cell
masses and lipid contents D. hansenii accumulated using
these substrates as the pure carbon sources were quantified
over a time course of growth (FIG. 30). Intracellular lipids
were extracted directly from dry cells in an Accelerated Sol-
vent Extractor (ASE) using dichloromethane as the solvent
and measured gravimetrically. Extracellular triacylglycerides
(TAG) were quantified using an enzymatic assay (FIG. 29)
involving the following reactions catalyzed by lipase, glyc-
erol kinase, glycerol phosphate oxidase, and peroxidase,
respectively:

1. triacylglycerol+H,O—>glycerol+free fatty acids

2. glycerol+ ATP—>glycrol-3-phosphate+ADP

3. glycerol-3-phosphate+O,—>dihydroxyacetone phos-
phate+2H,0O,

4. H,0,+4-aminoantipyrine+3,5-dichloro-2-hydroxyben-
zene sulfonate—>quinoneimine dye+2H,O

Clearly, the extracellular TAG accounted for majority (over
90%) of the lipids produced by D. hansenii grown in media
with different carbon sources (FIG. 30). FIG. 29. An enzy-
matic assay to measure extracellular TAG species provides
linear information over 2 logs of TAG concentrations. FIG.
30. An enzymatic TAG assay reveals that D. hansenii secretes
TAG into the extracellular medium over a time course of
growth in various carbon sources. The amount of TAG syn-
thesized as a function of total cell weight (biomass) was
determined (upper left). The amount of intracellular lipid,
total lipid, and extracellular TAG were also measured (upper
right, lower left, lower right, respectively).

In one embodiment, the present invention is a cell that
produces and secretes TAG into the extracellular medium. In
another embodiment of the invention, oil/lipid body secretion
is induced to occur in non-oleaginous organisms, including
non-oleaginous yeasts (e.g., S. cerevisiae). For example, to
explore the possibility of using a genetically more tractable
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system to study the mechanism of lipid body secretion that
likely caused by nitrogen starvation-induced autophagy, we
tested whether S. cerevisiae secrets TAGs under nitrogen
starvation conditions when pre-loaded with lipids (FIG. 31).
While S. cerevisiae cells remained in nitrogen rich conditions
and cells without oleic acid pre-loading did not secret TAGs,
cells loaded with oleic acid produced increasing amount of
TAGs extracellularly over a time course of 72 hr after trans-
ferred to nitrogen starvation medium (FIG. 31), indicating
that lipid body secretion may be a general autophagy-related
process induced by nitrogen starvation. F1G. 31. S. cerevisiae
cells were grown in synthetic medium (YSC), loaded with
oleic acid (OA), switched to low nitrogen (LN) medium, and
then washed with PBS. Extracellular TAG were quantified at
different time points after the wash. No glycerol were
detected in the extracellular lipid extract before the addition
of lipase. These data indicate that oil secretion is evolution-
arily conserved, and can be induced in non-oleaginous,
genetically-tractable organisms. Importantly, because S. cer-
evisiae is a model for a wide variety of plant and animal
secretion, these data indicate that oil secretion can be induced
in both plants and animal cells.

As will be apparent to one skilled in the arts, the invention
has broad implications beyond oleaginous microbes, and can
be readily extended—by one skilled in the arts, to other kinds
organisms, including but not limited to green algae.

The present invention includes systems and methods for
the conversion of short-chain carbohydrates from biofuel for-
mation and cellulosic biomass into high-energy fuels. The
present invention may be used with one or more known meth-
ods for final recovery of hydrocarbons and other lipids. The
recovery of long chain fatty acids and hydrocarbons may
include of one or several steps. For maximum recovery of
fatty acids and hydrocarbons, water content of yeast cells may
be reduced to 10-20% w/w by a suitable method. Suitable
methods include oven drying, spray draying, drum drying,
pneumatic flush drying and similar method used in food, feed
and chemical industries. Dried cell biomass can then be
ground’/homogenized/sheared in the presence of organic sol-
vent or a mixture of organic solvents. Organic solvents of
choice may include hexane, mixture of hexane and ethanol,
chloroform and methanol. Organic solvent (s) are separated
from the lipophilic compounds (fatty acids and hydrocar-
bons) by evaporation to yield a solvent-free mixture of fatty
acids and hydrocarbons that are further processed into biodie-
sel, gasoline or jet fuel.

Culture media and cultivation conditions. For liquid cul-
ture, single colony of D. hansenii or S. cerevisiae were pre-
cultured in 2 mL YPD or other desired media (see below) and
incubated at 30° C. for 24 hr. Cells were counted using a
hemacytometer and spun down at 3000 rpm for 15 minutes.
Cells at a concentration of 1x10%mL were used to inoculate
the desired media with 1% of the total volume. Medium A
with limited nitrogen source (glucose 30 g/L, yeast extract 1.5
g/L, NH,C1 0.1 g/, KH,PO, 7.0 g/L, Na,HPO,1.983 g/,
MgS0,.7H,0 1.5 g/L, FeCl,.6H,0 0.08 g/L, ZnSO,.7H,0O
0.01 g/L, CaCl,.2H,0 0.1 g/, MnSO_,.H,O 0.07 mg/L,
CuS0,.5H,0 0.1 mg/L, Co(NO,),.6H,0 0.1 mg/L, pH 5.5;
see Kimura et al., 2004) was used to support the growth of D.
hansenii and induce cellular lipid accumulation. Medium A
with sufficient nitrogen supply (NH,Cl 5 g/L) was used to
support growth without the induction of lipid accumulation.
For wortmannin treatment experiment, 100 nM wortmannin
(Sigma) were amended in the liquid media at 24 hr post
inoculation.

Electron microscopy of D. hansenii. D. hansenii cells were
grown in 150 mL. Medium A containing glucose (30 g/L) as
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the pure carbon source with or without the presence of 100
nM wortmannin. At 48, 120 and 192 hr post inoculation, 50
ml of the culture were removed and centrifuged at 4000 rpm
for 10 min. Cell pellet were fixed following the procedure
described previously (Wright, 2000) and transmission elec-
tron microscopy was performed. Cell cultures were grown in
triplicate.

Fluorescent microscopy. For Nile red stained cells or cul-
tures, microscopic photographs were taken with an Olympus
BX51 microscope (Olympus America, New York, USA)
equipped with an Olympus DP70 camera using a 530-550 nm
excitation filter, a 570 nm diachronic mirror and a 590 nm
emission filter with a 60x objective lens. For microscopic
quantification of secreted lipid bodies, 50 uL. of the cell sus-
pension in media A containing 0.2% agarose and Nile red,
with or without the addition of 100 nM wortmannin, were
inoculated in triplicate in microscopic frames that allow the
agarose-based matrix to be sealed between two pieces of
cover glasses. Slides were incubated in 90% moisture at 30°
C. At 0, 48,72, 96, 120, 144 hr post inoculation, the number
of the cells and extracellular lipid bodies (stained with Nile
red) were quantified. In parallel, the cells were stained with
FUNI1 (Invitrogen) for viability determination.

Extracellular triacylglyceride extraction and quantifica-
tion. Cell culture supernatant was collected at different time
points and extracellular TAGs were extracted from 400 uLL of
supernatant each sample and quantified as described
(Schwartz and Wolins, 2007). Experiments were performed
in triplicate.

Intracellular lipid extraction and quantification. D. hans-
enii cells were collected from 50 mL cultures at various time
points and lyophilized. After dry cell weight determination,
intracellular total lipids were extracted from the cells using an
Accelerated Solvent Extractor (ASE) in dichloromethane
with the 2 cycles of the following program at 1500 psi and
100° C.: heat for 5 min, static for 5 min, flush with 30%
solvent, purge for 1 min. The solvent containing lipids were
collected, dried and lipid contents were measured gravimetri-
cally. All experiments were performed in triplicate.

Nitrogen starvation induced lipid secretion in S. cerevisiae.
S. cerevisiae cells were grown in synthetic medium (YSC: 6.7
g/ yeast nitrogen base, 20 g glucose, and amino acids),
loaded with oleic acid (OA), switched to low nitrogen syn-
thetic medium (1.7 g/LL yeast nitrogen base without ammo-
nium sulfate, 20 g glucose and amino acids), and then washed
with phosphate buffer saline (PBS). Extracellular TAGs were
quantified at different time points after the wash. All experi-
ments were performed in triplicate.

Lipid and protein extraction from different fractions.
Experiments were performed with 6 parallel cultures. Briefly,
twelve 3.0 mL low-nitrogen medium A cultures were inocu-
lated with D. hansenii from a previously grown D. hansenii
YPD plate. They were grown for 5 days at 28° C., 250 rpm,
and then centrifuged at 2500 g for 5 min. Six of the twelve
cultures were transferred into 1.5 mL Eppendorf tubes by
pipetting out the clear supernatant together with cell pellet. A
lipid film remained on the side wall of the falcon tube (which
was used for extraction, see below). Care was taken not to
contaminate the film on the sides of the tube while transfer-
ring the supernatant and the pelleted cells out. The falcon
tubes were washed with 3x500 pl, fresh medium A without
disturbing the lipid film on the side wall of the tube. The wash
solution was then discarded. The lipid film was extracted
from the side wall, as well as from the pelleted cells and the
supernatant for lipids. For the lipid film, 200 ul. CHCl;:
MeOH (2:1, v/v) were added to the tube, vortex well, and
centrifuged to precipitate any debris at 4000 rpm for 10 min.
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Transfer the supernatant into a new tube, use empty tubes for
further extraction, evaporate the solvent, disperse the remain-
ing content in 10 pul. CHCI; and ran 2.0 ul. on TLC plate.
Alternatively, we took the tubes after CHCl;:MeOH treat-
ment (still there was some film on the side walls), added 100
L CHCIj, vortexed well, transferred it to a fresh tube, evapo-
rated the CHCl,, and dispersed the tube contents in 10 pL
CHCl,, and run 2.0 pl. on TLC plate. For the supernatant and
cell fractions, we took the tube containing supernatant cell
separated from the lipid film, centrifuged at 4000 rpm for 15
min, separated the supernatant into a new tube, and used this
in downstream extractions (See below). Alternatively, we
added 500 uL. CHCl;: MeOH (2:1, v/v) to the pellet, vortexed
well, centrifuged to separate any cell debris, transferred the
supernatant into a new tube, evaporated the supernatant and
dispersed the tube contents in 10 pA, CHCl;, and ran 2.0 pA,
on TLC plate (See image D). Alternatively, S00 pA, were
pipetted of 3.0 mL supernatant separated from the cell pellet,
added 500 pl. CHCl,;:MeOH (2:1, v/v), spun the sample as
above, separated the bottom layer into a new tube, evaporated
and dispersed the tube contents in 10 ul. CHCl,, and ran 2.0
uL on TLC plate (Sample Set 3, FIG. 28). The remaining 6
tubes were centrifuged, and pipetted clear supernatant
together with cell pellet to new tubes. A lipid film remained on
the side wall of the falcon tube as described above. We were
careful not to contaminate the film on the sides of the tube
while transferring the supernatant and the pelleted cells to a
new tube. A protein extraction buffer was added, vortexed
well, and centrifuged again. The supernatant were separated
and added 200 pl, CHCl;: MeOH (2:1, v/v), centrifuged at
4000 rpm for 15 min, separated the bottom layer of the liquid
part into a new tube. Finally, we evaporated and dispersed the
tube contents in 10 ul, CHCl;, and run 2.0 pLL, on TLC plate.
The results of these studies are shown in FIG. 28.

Example 3
D. hansenii growth study in PM Plates

Phonemics, an emergent scientific discipline within sys-
tems biology, is the study of global phenotypes resulting from
interactions between a genome and its environment. The
OmnilLog Phenotype Microarray (PM) (Biolog, Hayward,
Calif.) provides phonemic data by simultaneously assaying
multiple cellular responses to a number of physiochemical
stimuli and as a function oftime. Exemplary chemical stimuli
include chemical sensitivity or the ability to catabolize vari-
ous carbon or nitrogen compounds. This assays indirectly
measures the generation (or subsequent utilization) of cellu-
lar reducing power (e.g., NADH) by directly measuring the
pixel intensity of one or more redox-responsive colorimetric
dyes, which are converted from colorless to colored (e.g.,
purple) when reduced. Colorimetric pixel density is con-
verted to arbitrary units (AU), such higher AU signal values
are indicative of greater relative cellular respiration or activ-
ity.

PM was previously employed to characterize S. cerevisiae
peptide catabolism. Herein, we use PM as a tool to determine
responsiveness of D. hansenii to various physiochemical
stimuli that are known to inhibit other fermentation inhibitors
(e.g., pH, salts) and thus to define conditions under which D.
hansenii could optimally produce and/or secret oil. In this
current example, D. hansenii was assayed using four different
96-well PM panels: PM1 and PM2 (carbon source utilization
and/or sensitivity); PM9 (osmolytes); and PM10 (pH).

In one embodiment of the present invention, optimal con-
ditions under which oil synthesis, accumulation and secretion
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are defined. For example, to optimize the growth conditions at
which D. hansenii secrets lipid bodies, we first investigated
carbon utilization profiles and osmo- and pH-tolerance of D.
hansenii using the Phenotype Microarray (PM) (FIG. 32).
[FIG. 32. Phenotype Microarray (PM) strategy. Phenotype
microarrays were used to define conditions under which D.
hansenii optimally secreted oil. The strategy for PM analysis
is depicted. |

In addition to the above tested carbon sources, D. hansenii
was able to efficiently utilize a variety of other pure carbon
sources including various pentoses, hexoses, disaccharides
and trisaccharides, (FIG. 33-38), many of which are compo-
nents of plant cell wall materials. D. kansenii tolerated unfa-
vorable growth conditions that are unsuitable for many
microbial species. For examples, D. hansenii tolerated high
levels of salt solutions (up to 6.5% NaCl, 6% KCl, 5%
Na,S0,) (FIG. 39-41) without severe compromise in growth.
D. hansenii also had a wider range of pH tolerance (FIG.
42-45). [FIGS. 33 and 34. Growth of D. hansenii in the
presence of various carbon sources (as measured using the
OMNILOG PM). FIG. 35. PM1_1 after 5 days of incubation
at30° C. FIG. 36. PM2_2, after 6.5 days of incubation at 30°
C.FIG. 37. Time course of D. hansenii growth inthe presence
of'various carbon sources (as measured using the OMNILOG
PM). FIG. 38. Growth of D. hansenii in glycerol alone or with
NaCl (as measured using the OMNILOG PM). FIG. 39.
Growth of D. hansenii in assorted osmolytes (as measured
using the OMNILOG PM). FIG. 40. Growth of D. hansenii in
osmolytes, cont’d. (as measured using the OMNILOG PM).
FIG. 41. Growth of D. hansenii in potassium chloride (as
measured using the OMNILOG PM). FIG. 42. Growth of D.
hansenii at various pH values (as measured using the
OMNILOG PM). FIGS. 43 and 44. Growth of D. hansenii in
acid and base (as measured using the OMNILOG PM). FIG.
45. Growth of D. hansenii at various pH values (as measured
using the OMNILOG PM).

Media and reagents. Defined medium A for D. hansenii
(Kimura et al., 2004) was employed. All nutrient supplements
including uracil and amino acids were obtained from Sigma.
The Biolog PM media contained 100 mM glucose, 1 mM
disodium pyrophosphate, 2 mM sodium sulfate, 5 mM
L-glutamic acid monosodium, and a proprietary tetrazolium
dye mix D and IFY-0 medium. The additive sugar and salt
were obtained from Sigma.

BioLog Protocol. The protocol provided by BiolLog has
been used on S. cerevisiae and other fungi. To apply on D.
hansenii, determining the most efficient carbon substrate to
optimize the protocol became the first step. According to
Kimura et al., 2004, glucose or glycerol is usually used as
carbon sources, and pHS.5 is the appropriate pH for D. hans-
enii. Since glycerol cannot be concentrated as 32x as needed,
succinate that was broadly applied as carbon sources in
BioLog system was used instead. The gradient concentration
of glucose (50-150 mM) and succinate (10-40 mM) were
tested. The inoculants lacking carbon sources were served as
control.

PM assays. Inoculums for PM panels were prepared
according to the manufacturer’s protocols with modifica-
tions; Procedures for S. cerevisiae and other Fungi version 8
Feb. 2006 (Biolog) was used to prepare inoculums for PMO1,
PMO02, and PM09, while version 29 Apr. 2008 (Biolog) was
used for PM10. In brief, D. hansenii were streaked onto
defined Medium A (Table 6) and cultivated at 30° C. for 48
hours. Cells were redistributed onto fresh agar using a sterile
swab and incubated for an additional 4 hours at 30° C. to
ensure active growth and avoid late-growth clumping (Oliver
R Homann, Houjian Cai, 2005). (Kimura et al., 2004)
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Cells were then transferred into the appropriate PM inocu-
lation fluid (Table 7) and re-suspended to 62% transmittance
(approximately 200 cells per 100 uL assay). PM1 and PM2
measure carbon source utilization and/or sensitivity; as such,
the inoculation fluid lacks a defined carbon source (e.g., glyc-
erol or glucose). In contrast, the inoculating fluids for PM9
(osmolytes) and PM10 (pH) required the inclusion of a car-
bon source (Table 7); in this case glucose was supplemented
to 100 mM.

D. hansenii-containing inoculation fluid was inoculated
into PM panels and incubated at 30° C. for 6.5 days. Color
intensity for each well was measured every 15 minutes.
Exemplary time course (kinetic) results (means) from repre-
sentative PM assays are plotted.

In order to simplify the comparison of individual assay
conditions, the full time-course kinetic plots were converted
into a single unitless numerical value, which is weighted to
more greatly value latter time points (e.g., endpoints), as
described by Homann et al. (2005). Signal value=[(average
signal+maximum signal)/2-average signal over first 2 h];
Represent the full time course by a single number; Weight the
value towards latter time points; Subtract the “baseline” sig-
nal level for each well (Oliver R Homann, 2005) and Repli-
cate PM assay runs were conducted, and the average of the
signal values was used.

The formulation of final ingredients in PM Inoculating
Fluids after the addition of cell suspension: SC medium is
composed of 6.7 g of YNB without amino acid and 2 g of
Synthetic Complete Supplement Mixture (SC mixture) per
liter. Both YNB and SC bought from Sunrise Science.

TABLE §

Formulation of phenotype microarray (PM) inoculation fluids for PM1,
PM2, PM 9, and PM10. Note that only PM10 requires the addition of
SC medium (Table 6) (Sunrise Science).

PM35.9 PM10+
(mM) Ingredient (mM)
1x IFY-0 —
— SC Medium 1x
1x Dye mix D —
— Dye mix E 1x

100 D-glucose 100
5 L-glutamic acid monosodium —
1 potassium phosphate [pH 6.0] —
2 sodium sulfate —
0.05 adenine HCI? 0.05
0.01 L-histidine HCl monohydrate® 0.01
0.1 L-leucine” 0.1
0.05 L-lysine HCI? 0.05
0.025 L-methionine® 0.025
0.025 L-tryptophan® 0.025
0.03 uracil® 0.03
TABLE 6
The formulation of SC Medium (Sunrise Science).
Component in SC Mixture mg/L
Adenine 21
L-Alanine 85.6
L-Arginine 85.6
L-Asparagine 85.6
L-Aspartic Acid 85.6
L-Cysteine 85.6
Glutamine 85.6
L-Glutamic Acid 85.6
Glycine 85.6
L-Histidine 85.6
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TABLE 6-continued

The formulation of SC Medium (Sunrise Science).

Component in SC Mixture mg/L
Myo-Inositol 85.6
L-Isoleucine 85.6

L-Leucine 173.4
Para- AminoBenzoic Acid (PABA) 8.6
L-Methionine 85.6
L-Lysine 85.6
L-Phenylalenine 85.6
L-Proline 85.6
L-Serine 85.6
L-Threonine 85.6
L-Tyrptophan 85.6
L-Tyrosine 85.6
Uracil 85.6
L-Valine 85.6

It is contemplated that any embodiment discussed in this
specification can be implemented with respect to any method,
kit, reagent, or composition of the invention, and vice versa.
Furthermore, compositions of the invention can be used to
achieve methods of the invention.

It will be understood that particular embodiments
described herein are shown by way of illustration and not as
limitations of the invention. The principal features of this
invention can be employed in various embodiments without
departing from the scope ofthe invention. Those skilled in the
art will recognize, or be able to ascertain using no more than
routine experimentation, numerous equivalents to the specific
procedures described herein. Such equivalents are considered
to be within the scope of this invention and are covered by the
claims.

All publications and patent applications mentioned in the
specification are indicative of the level of skill of those skilled
in the art to which this invention pertains. All publications and
patent applications are herein incorporated by reference to the
same extent as if each individual publication or patent appli-
cation was specifically and individually indicated to be incor-
porated by reference.

The use of the word “a” or “an” when used in conjunction
with the term “comprising” in the claims and/or the specifi-
cation may mean “one,” but it is also consistent with the
meaning of “one or more,” “at least one,” and “one or more
than one.” The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alterna-
tives only or the alternatives are mutually exclusive, although
the disclosure supports a definition that refers to only alter-
natives and “and/or.” Throughout this application, the term
“about” is used to indicate that a value includes the inherent
variation of error for the device, the method being employed
to determine the value, or the variation that exists among the
study subjects.

As used in this specification and claim(s), the words “com-
prising” (and any form of comprising, suchas “comprise” and
“comprises”), “having” (and any form of having, such as
“have” and “has”), “including” (and any form of including,
such as “includes” and “include”) or “containing” (and any
form of containing, such as “contains” and “contain”) are
inclusive or open-ended and do not exclude additional, unre-
quited elements or method steps.

The term “or combinations thereof” as used herein refers to
all permutations and combinations of the listed items preced-
ing the term. For example, “A, B, C, or combinations thereof”
is intended to include at least one of: A, B, C, AB, AC, BC, or
ABC, and if order is important in a particular context, also
BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing
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with this example, expressly included are combinations that
contain repeats of one or more item or term, such as BB,
AAA, MB, BBC, AAABCCCC, CBBAAA, CABABB, and
so forth. The skilled artisan will understand that typically
there is no limit on the number of items or terms in any
combination, unless otherwise apparent from the context.

All of the compositions and/or methods disclosed and
claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of preferred embodiments, it will be appar-
ent to those of skill in the art that variations may be applied to
the compositions and/or methods and in the steps or in the
sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention.
All such similar substitutes and modifications apparent to
those skilled in the art are deemed to be within the spirit,
scope and concept of the invention as defined by the appended
claims.
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What is claimed is:

1. A method of making a biofuel comprising:

obtaining a sugarcane bagasse biomass and an isolated

oleaginous microbe; and

mixing the sugarcane bagasse biomass and the oleaginous

microbe in a nitrogen-limiting minimal growth media
comprising glycerol, or glucose generated from the sug-
arcane bagasse biomass, under conditions in which an
oleaginous microbe converts the growth media into a
triacylglycerol (TAG), wherein the oleaginous microbe
overexpress Autophagy Protein ATGS.

2. The method of claim 1, wherein the microbe secretes
TAG.

3. The method of claim 1, wherein the minimal growth
media further comprises 0.5, 1.0, 1.5, or 2.0 M salt.

4. The method of claim 1, wherein the minimal growth
media is defined further as comprising a source of glucose
selected from at least one of a cellulose, a cellulosic substrate,
cellobiose, carboxymethylcellulose, hemicellulose, a sweet
sorghum extract, a sugar cane extract, a sugar cane, or cellu-
losic substrates derived therefrom.
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5. The method of claim 1, wherein the TAG further com-
prises oleic acid at the Sn-1, Sn-2 or Sn-3 position.

6. The method of claim 1, wherein the oleaginous microbes
are grown for 48, 72, 96, or 120 hours at a temperature of 25°
C.,30°C.,or37°C.andatapHof5.0,5.5,6.0,6.5,7.00r7.5.

7. The method of claim 1, wherein the minimal growth
media further comprises 0.1% by weight nitrogen.

8. The method of claim 1, wherein the oleaginous microbes
secrete the triacylglycerol, without cell death.

9. The method of claim 1, wherein the oleaginous microbes
are induced to overexpress Autophagy Protein ATGS.

10. The method of claim 1, wherein the oleaginous
microbes are genetically modified to overexpress Autophagy
Protein ATGS.

11. The method of claim 10, wherein the overexpressed
Autophagy Protein ATGS is integrated into the genome of the
oleaginous microbes or expressed by an autonomously rep-
licating plasmid.

12. The method of claim 1, wherein the oleaginous microbe
is Debaryomyces sp.

13. A method of producing a biofuel comprising:

obtaining a cellulosic biomass and an isolated oleaginous

microbe; and

growing the oleaginous microbe in a nitrogen-limiting

minimal media to late log phase and/or stationary phase,
whereby the oleaginous microbe secretes an oil, wherein
the oleaginous microbe overexpress Autophagy Protein
ATGS.

14. The method of claim 13, wherein the minimal growth
media further comprises 0.1% by weight nitrogen.

15. The method of claim 13, wherein the oleaginous
microbe is grown for 48, 72, 96, or 120 hours at a temperature
0f25°C.,30°C.,0r37°C.andatapH 0f5.0,5.5,6.0,6.5,7.0
or7.5.
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16. The method of claim 13, wherein the minimal growth
media further comprises 0.5, 1.0, 1.5, or 2.0M salt.

17. The method of claim 13, wherein the minimal growth
media further comprises salt that is at least one of NaCl, KCl,
or both KCl and NaCl.

18. The method of claim 13, wherein the oleaginous
microbe is disrupted by mechanical or chemical treatment to
release intracellular oils.

19. A method of reducing bioreactor waste comprising:

obtaining a cellulosic biomass and isolated Debaryomyces

hansenii, and

mixing a reaction waste product comprising glycerol with

a growth media and an inoculum of Debaryomyces
hansenii under conditions in which Debaryomyces
hansenii converts the glycerol into TAG comprising
oleic acid at the Sn-1, Sn-2 or Sn-3 position; and
recovering the TAG comprising oleic acid at the Sn-1, Sn-2
or Sn-3 position produced thereby, wherein the oleagi-
nous microbe overexpress Autophagy Protein ATGS.

20. A method of reducing bioreactor waste comprising

generating a biofuel by fermentation;

collecting a glycerol waste stream from the fermentation;

mixing a biofuel reactor waste product comprising glyc-

erol with a growth media and an inoculum of Debaryo-
myces hansenii under conditions in which Debaryomy-
ces hansenii converts the glycerol into TAG comprising
oleic acid at the Sn-1, Sn-2 or Sn-3 position; and
recovering the TAG comprising oleic acid at the Sn-1, Sn-2
or Sn-3 position produced thereby, wherein the oleagi-
nous microbe overexpress Autophagy Protein ATGS.
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